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ABSTRACT 


To obtain a high velocity, coherent, propulsive water 
lev, proper nozzle design is required. Existing high per- 
formance nozzles are considered, and a selected design is 
tested to provide optimization and performance data in the 
form of velocity and thrust loss with increasing jet stand- 
off. An expression is developed to predict the velocity 
loss using an empirical friction factor value determined 


from the data. 
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ie INT RORUCT LON 


High speed mass transit systems “are wapidily become 
a requirement to accommodate the transportation needs of 
cities and suburban areas. Current designs offer small 
to moderate increases over conventional railroad trans-— 
portation, but future speeds of over 200 miles per hour 
are envisioned. 

When these high speeds are considered, propulsion by 
Griving wheels is ruled out because of traction limits, and 
propeller or jet engine thrust is unattractive because of 
the attendant noise and fumes. Additionally, the physical 
size and weight of onboard equipment to attain these speeds 
becomes a problem. Unconventional systems being seriously 
researched are linear induction and pressure-differential 
Beransit tubes". 

Another concept, proposed by Beckwith [Ref. 1], is 
that of hydraulic propulsion. It is essentially a linear 
meraulic impulse turbine using high velocity water jets 
peeene power fluid. The jet nozzles would be fixed in the 
roadbed and impinge on buckets mounted on the underside of 
the vehicle as shown in Fig. 1. Expended water would be 
collected in a trench and recycled, thereby minimizing 
overall water consumption. For a 150,000 pound, 200 pas- 
senger, streamlined vehicle capable of 250 miles per hour, 
a full-speed propulsive force of 3,700 pounds is required. 


This assumes an aerodynamic drag coefficient of 0.3 and 








air cushion support for the vehicle. The propulsive 

force can be obtained with a water jet velocity of twice 
the vehicle speed, or 500 miles per hour, thus allowing 
expended water to "drop" into the trench at zero velocity. 
The pressure needed is 3620 psi, and allowing for 80 per 
cent efficiency of the nozzles, five nozzles of 0.125 in.? 
area each would be required per train length. At passenger 
terminals, a much higher thrust is needed for startup and 
meceleration. Assuming an acceleration of 0.5 @, a force 
fey o),000 bs. 25 required. This would be accomplished by 
increasing the number of nozzles and taking advantage of 
the higher thrust per nozzle for vehicle speeds below 250 
miles per hour. For example, at half speed the thrust is 


1-1/2 times that at full speed; when stationary, it is twice 


tae full speed thrust. 


Moving Vehicle 


es) a | 


Buckets 


Nozzles 
Supply Pipe 





Fig. 1: Proposed Propulsion System (after Ref. 1) 








Water would be supplied by pumping stations spaced 
every 30 miles and connected by six@orm sevens ane eo memee cm 
Sure piping. By providing an air "“accumulaber sfomeeneue: 
suorage in the form of large diameter pioine ot eum erome 
length, pumps could be rated for continuous operation and 
Would require two 3500 horsepower pumps per station for one- 
way train service. For two-way service, station spacing 
would be 15 miles apart. Pressure losses are estimated at 
mumocr cent, but cross connection between stations would 
help reduce these losses. 

havantases Ol "ener overall leomecou cated by «the preopeser 
ee; 

mee NO Onboard propulsion equlement » tbnus greatiy reaueing 
overall vehicle weight. Air cushion support would be 
Sieecaen Venice. 

2. Low vehicle noise and exhaust emission compared to 
Propellers Or Veoh enetnese 

3. Existing, commercially available equipment is used 
FOr tie propulst on SyYStem. 

4, Large "moving-to-stationary-part" clearances are 
fei mble GieGie 

5. A one-way capacity of 3300 passengers per hour; two- 
way capacity of 6600 (pumping stations at 15 miles 
spacing). 

Development of an effective method of switching indi- 
vidual nozzles on and off is required. Timing is quite 
eratical for this operation since at 250 miles per hour, a 
200 foot vehicle would pass one nozzle in a little more than 


1/2 second. 





Other likely problem areas in implementing the proposed 
design would be those of nozzle positioning relative to the 
vehicle's buckets, and the design of a nozzle to give high 
performance. These last two facets of the system were 
considered and studied to provide some insight into their 


possible design. 








LL. STATEMETSOR Tube eeOb rE 


The Heeeeian of the proposed transit system as a 
"linear hydraulic impulse turbine" provides a good image 
of the way in which the power fluid is used to drive the 
vehicles, yet there is an important difference in the 
manner in which the buckets receive the water jet. In 
normal turbine wheel applications, each bucket swings 
meeougphn an arc and is thus conveniently brought into line 
with the water jet axis. It then passes out of alignment 
meeeeas the succeeding bucket Swings into the jet axis. 

For the linear case, unless the "track" is continuously 
eurving, the buckets must pass across the axis of the water 
jet, which establishes a different set of requirements: 

1. A Shallow angle between jet axis and the direction 
©f HucKket travel Is desired to oObbain maximum)» thruee 
Ag) the G@irection Of travel. Conversely, steep angeles 
Womwres reduce thrust in the direction of travel and 
a jeme ive riser o ComoLoerap ec Side forces. Inece 
are undesirable and, unless utilized to aid vehicle 
Se) Ul oye tone 5) wibh a bis\ ei) Ilex 

2. Allowing for clearance between the moving buckets and 
the nozzle means that the jet will not contact the 
bucket until it has moved an appreciable distance 
beyond the nozzle. hor example, a2 clearance ef one 
in. and an angle of five degrees delays contact 16F 


DFAS ee oles 








3. The buckets should not pass directly above the 
nozzle, since the expended water will then drop 
into the path of the jet and interfere with it. 

Based upon these requirements, the nozzles should be 
placed to the side of the buckets to allow expended water 
meearop free. This would give rise to side forces, which 
eeulad be balanced by using four or six paired nozzles per 
menmacile, impinging on a double row of buckets. Also, a 
Shallow angle requires that the jet travel over long dis- 
m—amees 1m a coherent form, Since any loss to spray or bDreak— 
Memeresults in loss of momentum and, therefore, vehicle 
thrust. Shorter jet travel could be obtained by closely 
Spaced buckets; however, this would be uneconomical if 
Pmoper nozzle design could provide the desired jet quality 
mummecomerence. Finally, a widely spreading jet cannot be 
Pemerated Since portions of 1t would not be properly turned 


meme ne bucket, resulting in inefficient bucket performance. 


A. RESEARCH OBJECTIVES 

The research was directed towards selecting and testing 
@a nozzle design that would provide a jet which was stable 
and coherent over a long distance. Selection was made from 
mmecessful designs in related high velocity water jet appli— 
@ecrtons. To permit evaluation of the nozzle design, a test— 
mae facility had to be conceived and built. Within the 
limits of equipment and resources available, the research 


was to be scaled to match actual conditions of the proposed 
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transit system. When a jet of the required coherence had 


been obtained, its performance was to be compared with that 


predicted by a Saige dealags e6. mathematical model. 


ae 








LDL. eee AT URE one 


Having specified the scope of the research, the litera- 
mme was consulted to determine if previous studies vet snc 
velocity propulsive water jets had been conducted. None 
were found, but a closely related field - water jet CUR 
of rock and coal - yielded a number of interesting and use- 
Ce articles. Nearly all of these stressed the importance 
Of proper nozzle design to obtain the best performance of 
the water jet in cutting operations, yet different designs 
were claimed to do the best job. 

Leach and Walker [Ref. 2] studied the performance of 
Various nozzle configurations with a 1.0 mm exit diameter. 
Driving pressures were 130 atm (1910 psi) and 600 atm (8820 
psi), provided by a high pressure pump in continuous operation. 
‘esting was also done at a pressure of 5000 atm (73,500 psi), 
Provided by a pressure intensifier arrangement. After pre- 
memmary testing of nozzles of widely differing internal 
geometry, they found that a conical contraction followed by 
a straight section of constant diameter had the best perform- 
emee. Variations of the geometry of this design were then 
further investigated to optimize the contraction angle of 
mae cone, the sharpness of internal corners of the cone 
entry and exit, and the straight section length to diameter 
racvio. 

It was found that a cone angle between 6° and 20° with 


sharp corners at the cone entry and exit yielded the best 


ie 








results in terms of jet stagnation pressure at a distance 
divided by driving pressure. Optimizattonmoe the lenaem 

of the straight section showed a dramatic increase in 
performance for a length to diameter ratio of about three. 
With their best design - diameter one mm, length of straight 
section 2.5 mm, and cone angle 13° - Leach and Walker 
Showed only a 20 per cent loss at approximately 150 diam- 
eters distance from the nozzle. Flow Reynolds numbers for 
these final results were Re, = 1.79 x 10> Jandeoe cs xe 


where Reg = Boo 





3 » Up = Hyguiliqikely jem Welewsl ory . dy = nozzle 
exit diameter, and v = kinematic viscosity of the fluid. 

Subsequent tests varied the viscosity and surface 
tension of fluids tested to determine their effects. Pol- 
ymer solutions of 1/4 per cent and 1/2 per cent boosted 
performance appreciably at all distances. A detergent 
solution gave improved results at distances greater than 
250 nozzle diameters. 

Another important observation by Leach and Walker was 
that the appearance of the jet was very misleading. In 
normal lighting the jet appeared very broken up, yet by 
backlighting and x-ray techniques their photographs showed 
that actually there was a coherent core containing the bulk 
oer cine fluid.» This Was surrounded by a fine mist oF Spray 
which was a small fraction of the fluid issuing from the 
mezZile. 


Farmer and Attewell [Ref. 3] conducted a similar inves- 


tigation for nozzles with an exit diameter of 1/16 in. (1.59 


iS 








mm) at a pressure of 700 kg/em? (9954 psi). Seven designs 
were evaluated on the basis of how far the free jet would 
conduct an electric current, thus obtaining the breakup 
length of the jet. The reasoning was that the longer the 
jet remained continuous, the more efficient the nozzle 
design. Three of these nozzles had an inside contour 
matching the streamlines of potential flow for scone raciaen 
angles of 70°, 60°, and 40°. No straight section followed 
the contraction. These three had breakup lengths of G260" 
0.55, and 0.65 m respectively. Another design, a simple 
20° cone without any straight section, and with sharp 
corners at the cone entry, had a breakup length of 0. GOmim: 
This nozzle was their selection for further study Lnwereck 
cutting, apparently because of its simplicity in manufacture. 
One nozzle of the cone-and-straight-section type was tested 
and performed poorly, with a breakup lenetmeol only 20.25 el. 
The straight section length was not given, bub ene seone 
angle was 45°, a rather abrupt contraction. 

Larger scale testing of high velocity water jets has 
been conducted by the U. S. Bureau of Mines and reported by 
Palowitch and Malenka [Ref. 4]. These tests were made at 
pressures of 3000 and 4000 psi, using nozzles of 3/8 in. and 
5/32 in. diameter. Five different designs were tested to 
obtain the pressure distribution in the free jet at a dis- 
tance of 12 in. from the nozzle. The best performance was 
obtained with a 22.5° cone shape followed by a straight 


section that was 1.125 in. long (three diameters). The 
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pressure profile obtained with Chis neg2z! 6 sae eon 
svandofi shows the jet to be Concénvrated within 
diameter of about 0.8 in. It gave a peak pressure of 
about 3000 psi compared with a peak of 2400 psi for the 
second best design. This nozzle design was used in actual 
mining tests that followed. 

Successful results with the cone and straight section 
design were reported by Harris [Ref. 5] in tests conducted 
at pressures of 10,000 psi, 30,000 psi and 50,000 psi, with 
meazzlie exit dilameters ranging from 0.002 in. to 0.010 in. 
These were used in a research program conducted by the 
National Research Council of Canada to determine the feasi- 
bility of cutting various materials commercially with water 
gecus. Further research in the range of (0,000 to 100,000 
psi was planned and the nozzle design was considered adequate 
for these purposes. 

Oak Ridge National Laboratory has also instituted a 
testing program for rock tunnel excavation by high pressure 
water jets. The nozzles selected for these studies were of 
the cone and straight section design, using a 13° cone 
contraction angle and a straight section length of 2.5 times 
the nozzle exit diameter [Ref. 6]. 

Rouse, et al, [Ref. 7] investigated methods of improving 
fire monitor performance under a U. S. Navy contract with 
the Lowa Institute of Hydraulic Research for a number of 
years. Extensive facilities for full scale testing were 


established and attention was focused on nozzle design and 
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turbulence reduction in fire monitors een oa zke ic ean 
diameters ranged from 1.5 to 3 in. and water pressures 
fanged from 50 to 200 psi. 

fine authors pointed out that all turbulence canner vc 
eliminated but, as a minimum, the scale of turbulence can 
be reduced by honeycomb installation in the monitor barrel 
ema DY flow guide vanes at its bends. In firefighting 
applications these flow straighteners are subject to foul- 
ing and thus could not have very narrow passages. However, 
improvement was found to occur in the stream stability even 
by using the large passage flow guides. 

With respect to nozzle design, it was considered most 
mioorltant to eliminate sharp corners and abrupt transitions 
mene contraction region. In addition, the authors con- 
sidered that any cylindrical section following the contraction 
would contribute to the turbulent eddies through boundary 
layer effects, and thus concluded that this should be elim- 
inated, or at least minimized. A series of different nozzles 
mased on the foregoing design criteria were tested. These 
were systematic variations between a plain orifice and a 7° 
Senne, producing a jet of 1.5 in. at the vena contracta. A 
second series of nozzles with cylindrical sections at the 
exit and curved contraction regions of different radii of 
curvature was also tested. These had a 1.5 in. exit diameter 
and the contraction angle varied from 45° to 7°. 

Comparison between nozzles was made by a sampling tech- 


nique to obtain the jet concentration pattern at a given 
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distance. The best performing nozzle was one with a 30° 
contraction angle, well rounded at the base, and without 
a cylindrical section at the exit. This design was sub- 
sequently tested by Leach and Walker [Ref. 2], but it did 
moc perform as well as did the cone and cylinder pret. le. 

In reviewing the studies quoted, there are three nozzle 
Meoagns which, according to thé researchers concerned, 
Perform best with respect to jet coherence and stability. 
(he methods and criteria for evaluating these three were 
ail different, as were the flow parameters in terms of the 
Reynolds numbers obtained. An additional consideration in 
selecting one of these is the ease of manufacture if a 
large number of nozzles were to be produced for high pres- 
Sure applications. 

Figure 2 shows the three superior nozzle designs, and 
mes, 3 presents the Reynolds number ranges covered by the 


Mimeestigators quoted, including the present study. 


i 








Leach and Walker = a] 
(Ref. 2] 


Farmer and Attewell [Ref. 3] cr (1) 


Palowitch and Malenka [{Ref. hb] es) 


eee pris 


(Ref. 5} 


ORNL [Ref. 6] a aes | (15) 
Rouse, et al [{Ref. 7} = | (eg) 


Present Study 






i0# 2 bh 6 8109 10° 10 
Fig. 2: High Velocity Water Jet Reynolds Number Ranges 


Note: (1) Req estimated from pressures cited 


Leach and Walker [Ref. 2] 
1 = 2 to hd, 
A= 6° to 20° : 
sharp corners 
So and Attewell [{Ref. 3] 
9° 


= ; sharp corners B 


= Rouse, et al [{Ref. 7] 
B = = 1D A = 1.5D, B =0.75D 
ope D = 30° 


Fig. 3: High Performance Nozzle Profiles 
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IV. “TEST BAGLEET Yep oc ream 


A. DESIGN CONSIDERATIONS 
Having established the need to select and test a 
nozZle that could produce a coherent propulsive jet, it 
mae then necessary to adapt or construct a test faci lmaty 
to allow making meaningful measurements and evaluations. 
Most of the research cited in the literature concentrated 
on small diameter nozzles, primarily because of the rock 
cutting objective. It was considered important to verify 
that the design selected would perform properly at the 
larger diameter and higher Reynolds number of the proposed 
transit system. Therefore, full scale testing of a 0.400 
in. diameter nozzle at 3620 psi was desired, as was the 
capability to check jet to bucket interaction in future 
meudies., 
Without considerable expenditures of time and funds, 
it quickly became apparent that these objectives could not 
be fully met. The following are the major constraints that 
affected the system design: 
1. Limited funds - make maximum use of locally available 
materials. 
2. Limited space for test facility and associated piping. 
3. Highest pressure source available was from bottled 
nitrogen at 2000 psi via an existing multi-bottle 


manifold and a 0-1500 psi pressure regulator. 
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4. High flow rates required a fluid Pewee On 
substantial volume. 

The test facility that was built is shown in Figs. 4, 
5, 6, 7, and 8. It provides four degrees of Ono for 
bucket positioning: parallel to the jet axis, transverse, 
vertical and rotational. The bucket assembly is secured 
in position by clamping and only stationary measurements 
are possible. Maximum nozzle to bucket distance is 98 in. 
The nozzle assembly is fixed and braced to prevent strain 
On the piping connections from reactive Citicowwel: Dipping 
is Schedule 80 seamless steel, rated for and hydrostatically 
tested to 2000 psi. The capacity of the four inch diameter 
reservoir piping 1s approximately one cubic foot, which 
permits a run time varying from 2.5 sec to 4.5 sec for head 


meessures of 1500 psi to 500 psi respectively. 


l in. Diam 
Pipe Reservoir 


Strip 


| | 
Recorder 


ae i N, 
4B 


O 
Load Bucket Negicus gaan 
Cell : Jae 
Water t 
Flow Control Over- 0-1500 psi 


flow Regulator 





Fig. lh: Test Facility Schematic 
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A one inch manually operated ball valve controls the 
water flow to the nozzle. Nitrogen flow is controlled by 
either a manually operated or a solenoid operated one inch 
ball valve. One-quarter inch high pressure globe valves 
are used for water filling and overflow as well as system 
drainage. 

Iwo plywood covers contain the water spray during 
Seperation and are fitted with plexiglass panels to permit 
observation of the jet. The covers slide in and are sup- 
ported by angle iron attached to the outside of the axial 


rails. 


ieee NOZZLE DESIGN 

The three nozzle designs shown in Fig. 3 were considered 
for their suitability in achieving the coherent jet needed 
for propulsive use. Since all three were claimed to give a 
coherent, stable property to the water stream, the most 
@esirable method would have been to conduct tests of the 
three designs to evaluate which one had the best performance. 
mene limitations, however, required that only one be selected 
Sm the basis of existing information. 

The profile recommended by Rouse, et al, [Ref. 7] was 
discarded because it had been developed using low pressures 
and, when this design was used by Leach and Walker [Ref. 2] 
in preliminary evaluations, it did not perform as well as the 
@one and cylinder nozzle profiles It should be noted that, 
while the two investigations had a forty-foid difference in 


pressure, the Reynolds numbers differed by only approximately 
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three-fold because of the diameters used. Farmer and 
Attewell [Ref. 3] proposed the 20° cone without any 
cylindrical section, yet shapes similar to this (6° and 
13° cones) gave inferior results when tested by Leach and 
Walker. The basis of evaluation was different for the two 


“wudies which may account, for the dxiference in conclusions. 





Fig. 9: Nozzle Details 


The cone and cylinder nozzle design was selected for 
use in the present study, and is shown in Fig. 9. In 
addition to the performance comparisons discussed above 
it had been successfully used in various high pressure 
projects with a wide range of Reynolds numbers and with 
nozzle diameters up to 0.375 in. [Palowitch and Malanka, 
Ref. 4]. Finally, it could be manufactured easily because 
of the simple geometry of its profile. 

It was considered important to determine the optimum 


length of the straight section for the nozzle fabricated, 
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Since the only studies of this effect were those of Leach 

and Walker [Ref. 2], whose nozzle had a 1mm diameter. For 
this reason the nozzle was initially made with a straight 
section length of eight nozzle diameters. The material used 
was brass, and all internal surfaces were lapped and polished 
to a visually bright finish. The diameter at the base of 

the cone was matched to the inside dlameter of the nozzle 
block. An O-ring seal was used to avoid the possibility of 
gasket protrusions into the flow. The nozzle block bore 
diameter was machined to match that of the one inch pipe 
threaded into it. Thus, a constant diameter straight section 
length of 26.25 nozzle diameters (10.5 in.) peeeeded the 
nozzle itself. A second nozzle was made with a matching 
Preotile but a straight section length of 11 diameters to 


obtain optimization data for longer nozzle lengths. 


C. BUCKET DESIGN 

Various methods of gauging or measuring the jet coherence 
and nozzle performance were considered. Stagnation pressure 
would have given the most accurate measure of jet velocity, 
but the problem of valid measurements at positions where the 
jet had fully or partially broken up argued against this 
technique. Accurate positioning of a device such as a pitot 
tube or a plate with an aperture did not appear to be feasi- 
ble with the equipment that could be built and with the 
pacvcermitcent operation that was necessary. 

A more reliable and workable method appeared to be 


measurement of the thrust generated in changing the jet flow 
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direction by a bucket device. This had the disadvantage 

of adding a bucket efficiency error to the calculation of 

mer Velocity, but wt nel ped overcome SU Mesi-eigshicc ic mimners 
Beecise positioning to obtain a g@ood medsure of thesvetiocivy:, 
Additionally, it was more closely related to the type of 
equipment which would be used in the proposed transit system. 
The Pelton bucket used in impulse turbines has a high ef- 
ficiency and has evolved as the best shape to use for that 
apple cation. Unrortunately, its profile would have been 
extremely difficult to fabricate with the shop facilities 
available. To simplify the design, yet accomplish the jet 
reversal, the bucket shown in Fig. 7 was conceived. It was 
machined from aluminum and has curved portions of 0.75 in. 
radii on 1.436 in. centers. The radii used were sized from 
the Pelton bucket dimensions given by Spannhake [Ref. 8] for 
aone inch jet. This larger size (one in.) was used to 
allow for jet spreading at a distance from the nozzle. It 
was realized that this design would introduce an inefficiency 
gn conversion of jet momentum to thrust, but by comparing to 
an initial value of thrust at the nozzle exit, the error 
could be taken into account. The bucket block is supported 
by horizontal guides and is free to move within its receiver, 
thus transferring the thrust developed to a load cell mount- 


ed behind it. 


i. INSTRUMENTATION 

Measurement of the static water pressure just upstream 
of the nozzle was accomplished by a Daystrom 0-1500 psi 
variable reluctance type pressure transducer connected to 
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a pressure Cap in the mozzle Dile@ck™ Phew pressure Gop as 
one-eighth in. in diameter and was located one-half in. 
behind the base of the nozzle contraction cone. Thrust 
was measured by a 0-2000 lb capacity Baldwin Load Cell 
which consists of a strain gauge and bridge circuit assembly 
within a sealed container. 

ae wpecio olirc sahil Vhmens | Si eiidls were mmecOrdcas ls ialeard 
two-channel Hewlett Packard 1062A Carrier Amplifier and 
7702B Recorder unit. Both sensors were checked for linearity 
and calibrated with their recording unit. A Volumetrics Co. 
Model QCE - 1 Portable Quick Disconnect Pressure Console was 
used for the transducer calibration, and a Baldwin Southwark 
Emery Universal Testing Machine, Serial Number 35430, was 
used for the load cell. The load cell accuracy was within 
O.2 per cent for a 1000 lb. range; that for the transducer 


mies within 1.0 per cent for a (00 psi range. 
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VV. “Pest Proce punis 


lmitial trials andicared sthat form Tour sil epe Gees 
of nitrogen, approximately ten runs could be made at a 
nozzle head pressure of 500 psi before the supply of gas 
was too low to maintain a constant value of thrust. For 
ahead pressure of 500 psi, the theoretical velocity is 
279 ft/sec and the flow Reynolds number is 8.45 x 10°. 
Since this value is of the same order of magnitude as the 
Reynolds number for the investigation by Leach and Walker 
[Ref. 2], it was decided that this would be a useful level 
jmor conducting the nozzle optimization tests. This should 
permit comparison of new data with their results. 

Runs were commenced with a nozzle length of seven 
Giameters. Thrust and pressure were recorded for various 
Momes of nozzle to bucket distance. During initial runs, 
alignment of the bucket assembly with the jet axis was 
accomplished with a sighting device which fitted into the 
nozzle bore. This procedure was later discarded for the 
more direct and reliable method of operating the jet at 
low pressure and visually confirming that the jet impinged 
on the flow splitter of the bucket. 

The sequence for each run was as follows: fill the four 
inch pipe reservoir to the point of overflow, ensuring that 
trapped air had been expelled from the system up to the 
nozzle exit; close drain valves and pressurize the system 


to the desired level; start the recorder and open the water 
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flow control valve; within two seconds, close the solenoid 
valve switch and allow the system to blow down excess pres- 
sure. This procedure yielded a steady value for the nozzle 
pressure for an average duration of about three seconds. 
Recorded values of thrust were irregular and fluctuating 
for downstream portions of the jet where significant jet 
breakup was observed, but quite smooth for runs close to 
the nozzle, as would be expected. The traces were visually 
averaged to obtain a value of thrust corresponding to a 
value of nozzle pressure. 

After obtaining a set of runs at various bucket locations 
for a particular nozzle length, the nozzle was cut back to a 
mew length. This was repeated until the straight section 
Hemeun was zero. This procedure was not wholly satisfactory, 
since any questionable runs could not be repeated once the 
nozzle was cut back. However, time did not allow the alter- 
native of making up a series of nozzles of different lengths. 

The jet obtained for various nozzle lengths was photo- 
graphed to attempt to show its quality and make up. To 
accomplish this, the jet was fired into a box containing wire 
mesh screening to absorb the water, since the return spray 
of the bucket completely obscured the jet. Various lighting 
techniques and camera speed and shutter combinations were 
tried. The best pictures were obtained by a diffused back 
lighting with a shutter speed of 1/500th sec. This technique 
gives a shadow effect where the water in the jet 1s concen- 
trated. The film used was high contrast 4 x 5 in. Type 51 


Polaroid, exposed in a Graflex camera using the focal plane 


Shutter. 
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VI. DISCUSSION OF RESULTS 


me PHYSICAL RELATIONSHIPS 

ihe basic measurements taken in the experimenvel 
investigations were that of nozzle block pressure (P,) 
and the thrust as measured at the bucket (Fm). In subse- 
quent paragraphs formulae are developed for relating the 
ideal jet thrust to Pi> and an approximate relationship 
is obtained for the reduced jet mean velocity at the 


bucket (uo) in terms of the measured variables. 
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Fig. 10: Nozzle-Bucket Relationships 


For the ideal situation it is assumed that the water 
density is constant and that the nozzle design is such 
that no velocity losses occur from the point of pressure 
measurement (P,) to the nozzle exit. The jet is assumed 


bOesuUster No loss in mass during its travel frem the 
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Nozzle exit (oOo teemeucketese that = a Bi nad ly es 


assumed that the bucket reverses the flow with no loss so 
may Lor the tdealcacec ue = at 
1. Nozzle 
Application of the Bernoulli equation to the flow 


between the pressure tap and nozzle exit, (Fig. 10) yields: 


P 2 2 
1 u u 
i 2g 2g 


where: Pi; ve Gage pressure and mean velocity at 
peessULew vay 


Up, = jet exit mean velocity 
g = acceleration of gravity 
Ver oe Cinihe Wel ein vnOl Wonca, 


Rearranging (1): 


uz = us a «1a . Ces) 
From conservation of mass: 


where: Ay; Ag = cross sectional area at pressure tap and 
nozzle exit, 0.781 in.? and 0.125 in.?. 


SUbiswlcieane (3) into Ce: 


2P_A2 i/e 1/2 

u, =|——-———-_ | = 1.03 Py (4) 
5 (2-82) 
p 16 


2. Bucket 


DeTinigions : 


QO. 
I 


Nozzle exit diameter 


Pen Thrust available at bucket = emuy 


Syl 








= Thrust available at -neozztewexi t= sen 


F 
ai 0 
We = Measured thrust 
es <2 = Maximum measured thrust 
L = "NOZZle stramentuesccer ome lenmerm 
np = Bucket efficiency = Ey Geen 
m = Mass flow rate 
us = Mean jet velocity entering bucket 
U3 = ulevein jee elleveabiay, ileehiyaliaye le b(o ei 
x = Nozzle to bucket distance. 


Therefore, 


v2 _ “th __“m (5) 





The thrust available at the nozzle exit is: 


= = 2 = 
Fy emo Uy 2pAnu On oa Py 


0 


Sus eie ne hom PF, ie Jepsen ay = 


Bo Pm (a 
Up Of 5a NpPy 


Equation (5) only applies to a coherent jet where 


the amount of spray is small so that m ~*~ constant. This 


fine, low density spray was noted by Leach and Walker 


[Ref. 2] and is clearly shown in their x-ray and diffused 


lighting photographs. Farmer and Attewell [Ref. 3] also 


noted the "vapour cloud" surrounding the solid core of a 


eoherent water jet. 


Be 








Borssmall distancesme iron chem mezczltcr Up = Up, Rhus 
Paving an estimate ol the (pucker net miereone). 
F 
ug © = (7) 
Fy 
Assuming np LS sCOmst ante Ug/U, may be further 
sep lac led to: 
u F 
Z m 
— = (8) 
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B. NOZZLE OPTIMIZATION 

Wetaemebtained@ tor the nozzle optimization runs was put 
in nondimensional form by expressing the distance from the 
meee and the length of the straight portion of the nozzle 
mcerms of nozzle diameters. This gives a range of dis-— 
tances from 2 to 246 nozzle diameters, and a range of 
meee length from 1 to Ill diameters, based upon the nozzle 
diameter of 0.400 in. Relative performance was expressed 
bymeune ratio of the thrust obtained at a given position (F) 
Be the maximum thrust ae Gewained@tror that nmozalie length. 
imieall cases except the zero length nozzle, the maximum 
Waeust occurred at the nozzle exit. Since some runs fell 
below the 500 psi desired, all data was processed for 480 
poi. 

ie data was found to have considerable variavren for 
some runs at distances greater than 150 diameters. This was 
considered to be due to two factors: the increasing dif- 


Piculty invalwenine the bucket with the jet au longer 


33 








Gistances, and the jet breakup and spreading which would 
cause incomplete turning of the jet by the bucket. In 
some instances an attempt was made to repeat these partic- 
ular runs with better alignment, but this usually yielded 
only marginal improvement and was a costly procedure in 
terms of nitrogen gas supply. Additionally, for the runs 
concerned, the jet was of generally poor quality so that 
mae data for these regions would not be particularly use-— 
meieror application to a propulsive jet. 

Testing was begun with a nozzle length of seven diameters, 
but as data was accumulated, it became apparent that per- 
formance was gradually decreasing as the nozzle was shortened. 
Therefore, a second nozzle with a straight section length of 
10.95 diameters was made up to cover a wider range of &/ do. 
The second nozzle was made to match the first as closely as 
possible. Time did not permit testing this nozzle for any 
length less than eight diameters. 

i@eput the data in a useable form, Smooth curves of the 
performance had to be constructed. A computer curve fitting 
routine such as the least squares method was considered, but 
the difficulty of assigning proper weighting factors to each 
Meee point could not be resolved. Therefore, curves were 
meeeed to the data manually. In doing this, the difficulty 
of bucket alignment at large x/d was taken into account by 
giving greater credence to the higher values of thrust that 
@ecurred. 

Although data was obtained for a zero nozzle length, 


it was not used in assembling the results because a higher 
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value of thrust was produced at x/d, = 28 than at the 
nozzle. At distances greater than 28 diameters, thrust 
was again lower and, in general, performance was poor. 
The effect of an increasing, then decreasing thrust as 
the bucket was moved away from the nozzle is due to the 
formation of a vena contracta near the nozzle. 

Figures 11 and le present the relative performance 
e/a x) and the performance (FL p/ Fy) using Eq. (6) 
meorois Che nozzle to bucket distance. Results for even— 
mmoecred nozzle lengths are used as a representative set, 
rather than attempting to show all the values obtained. 
ime Varlactions, or scatter of data mentioned previously, 
are apparent in both of these plots. To compute the per- 
formance shown in Fig. 12, a bucket efficiency of 86.7 per 
cent was used. This was computed from Eq. (7) and was 
the highest value of Np obtained for all the testing done. 
iepoccurred for a nozzle length of one diameter, which is 
Consistent with the fact that pipe drag losses will be 
Meowest in the shortest length nozzle. 

Figure 13 illustrates the effect of nozzle length on 
the thrust achieved at the nozzle exit compared to the 


thrust ideally available Cm (Ma) AS woUuledmpe expected. 


ax 
mess rabio as reduced for longer nozzle lengths, in accord— 
Balee With pape drag theory. On this basis, it would be 
mecteCrable To Use the SHOrtesesniOZZle Serer eht. seeuson 
Peer CONStsvent with good jet quality when selecting a 


PoruLenvtlar nozzle cont puravion fOr propulsa o waver 


Citeeeak Ons. 
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Figure 14 shows the overall trend of performance with 


increasing length of the nozzle straight section. Increas- 


ing performance was obtained up to 2/do ~ 4 with a leveling 
off through the range of four to eight diameters, then a 


gradual decrease up to &/dg = ll. Met too much confidence 


is attached to the peak shown at seven diameters, since this 


was the first data run made. The experience gained in 


operating the test facility gives increased confidence ag 
the data accumulated during subsequent testing. 


These results differ from those of Leach and Walker [Ref. 


2] in two respects. First, their peak performance for a 


nozzle length of two to four diameters did not occur in the 


present study. Second, performance remains relatively good 


in the range of four through seven diameters, whereas their 


results show a rapid decline for lengths longer than four 
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diameters. @lieeeiiterencesiie une ees Se oes lemienLa toO 
be partly duewtesasitcherelevel of WUrbDulenece sie aeL ow 
erriving at the nozzle for the present study. fnvs cae 
ieongper nozgle JVeneths may be acting 425 ayquieringssecvion 
for the water before it leaves the nozzle. Confirmation 
ef this coule@ebemachicvedsin 1utUme Suudtese py epee, messn 
peeeemeer Constant Gilamever section before the nozzle or by 
maserting honeycomb material to reduce the scale of turbu- 
eames . 

With rwespect to the best performance achieved in each 
study, Leach and Walker obtained 75 ee isha, Ell elo avo uarAaMs 
pressure at a distance of about 175 to 180 diameters, which 


is in agreement with the present study as seen in Fig. 14, 


Gee PHOTOGRAPHIC RESULTS 

Pmaovopraphis Of the Water jet were Uaken Comadssisv in 
Pliustrating the differences between the jet coherence for 
various nozzle lengths. Figures 15 through 17 are repre- 
sentative of the results obtained. As previously mentioned, 
in normal lighting the jet appears to be a disintegrated 
peeay aS Seen. 1525 oGfrone. difiused backwilaehneing 
allows photographing only the dense core of the jet as 
shown in Figs. 16 and 17. Direction of jet travel is from 
right to left. The center of the field of view is at approx- 
imately 30 diameters distance from the nozzle and ais a 
length of about 50 diameters. The jet of Fig. 16 is of good 
quality and is about three-fourths in. in diameter at its 


MeaiemOvwesy party while thay of Fip. ly 1s%en poor qualivy sane 
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Iehal jenm : Core of a Coherent Jet; = 20 oO 5. 
Camera: 4/5@0"sec, f 4.7. 








Fig. 17: Core of Low Performance Jet; 2£/d, = 0O. 
Camera: 1/500 sec, f, Suez. 





is about two in. wide in the core. The fairly dense 
merLon SUrrOUndIng the core in Piles L/  tadueatesm char 
the jet is rapidly disintegrating, which was confirmed 


by the thrust measurements for that nozzle length. 


D. ANALYTICAL RESULTS 

One objective of this study was to develop an analyti- 
cal model to predict the velocity loss with increasing 
distance from the nozzle exit. The expressions derived 
and their development are omieadaes in Appendix A. 

A purely analytic approach failed to predict large 
enough velocity losses to account for those obtained 
experimentally. Therefore, a simple mathematical model 
was derived based upon an empirical friction factor as 


follows: 


fmere: f = constant. 

It was found that a value of f = 0.7 approximates the 
velocity falloff in a jet of good performance as shown in 
Fig. 18. The experimental values shown are for a nozzle 
length of five diameters and are computed using Eq. (8). 

A coherent jet and a constant bucket efficiency are thus 
assumed to allow making this calculation. However, based 
upon the performance at &/ do = 5, this assumption appears 

to be valid. Good coherence was confirmed visually for the 
first two-thirds of the jet length during testing, and it is 


also evident in the photographs taken. 
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As a result of the analysis done, it appears that a 
very high friction factor applies, especially when typical 
wolues of f for pipe flow are in the vicinity of 0.05 2. 
is evident that the phenomenon involved in the turbulent 
shear on a water jet is very different from that operating 
in other types of flow. Part of the reason that f is so 
fyeeh is that it is multiplied by the ratio eeaite density 
Bemwater density (= 1.2 x 107°). Thus, to account for the 
Meee rate of velocity reduction, f must be large. It is 
also possible that because of the spray that exists, a 
different density ratio would be appropriate in this case. 

itwinUsGepe stressea that the frictionefactor of 0./ can 


only be applied for the limited study completed (Re, =8.45x10°). 
0) 
Further testing for a range of Reynolds number must be done 


to determine the variation of f. Only then can the use of the 
relation developed be extended to other situations of free 


weeevelocity loss. 
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IE IE SHUNUIUU Rd 


A. CONCLUSIONS 


The following conclusions can be made based upon the 


experimental data developed and the investigation conducted. 


Ie 


Previous research of the nozzle designs required 

TO produce coneren, high velocity water jJevs Mas 

MOM, eels Wis Colts Vehevol Gy llaheteloie jones) aliss eos) 
SULTCOM LOM sthils purpose. 

The=Gesults Or tne Presently Study Show ena, 1ol 

the nozzle tested (17.8° cone angle, 0.400 in. exit 
diameter, 0.957 in. inlet diameter) the optimum 
Memgumeot the nozzle straight section following 

the cone is about four to five nozzle diameters. 

This does not agree with the optimum length of two 

ro vOUlrsdheanmerers recommended dn the literature. 

For application of the nogzle design tested to the 
transit system proposed by Beckwith [Ref. 1], the 
curves of Fig. 14 can be used to predict the maximum 
distance allowable between buckets. If, for example, 
a25 per cent loss in thrust can be allowed, bucket 
spacing should be no more than 185 diameters or 74 in. 
This requires 33 buckets for a 200 ft long vehicle. 
For allowable 10 per cent thrust loss, spacing should 
be no more than 65 diameters or 26 in., which requires 


93 buckets for the same vehicle. However, since the 
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curves were developed for a pressure of 480 psig, 
they mayemer be valid Tom thei rans! es) s cemmcdco mam 
pressure of 3620 psig. 

An empirical model was developed which predicts the 
velocity reduction with increasing standoff distance 
from the nozzle tested and at the Reynolds number 
£Or Ee @nvesurcarron., — oh Pricer eonemacror sor Oo] 
Was foOumGdm@ye—eaive correlation witm@tme data. The 
use of this relation is restricted to the present 
case until further correlations are made. 

The test facility constructed is adequate in dura- 


bility but somewhat inconvenient to use. 


B,. RECOMMENDATIONS 


To improve upon the validity of the present study and 


to investigate other areas of interest, the following recom- 


mendations are pertinent: 


il 


Extend the performance and optimization study to 

higher pressures. 

Improve the capabilities of the test facility as 

fo lewis. 

a. Provide a solenoid operated cutoff valve as 
near the reservoir as practicable to conserve 
the gas supply. 

b. Either redesign the bucket to provide higher 
efficiency, or modify the system to record jet 
Stagnation pressure. 

ec. Redesign the spray covers to reduce annoying 


water leakage. 
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d. Provide a means of reducing the scale of 
LUrbUulencesonerne flow senverminem ene no Zzile 
eilther by honeycomb material or a longer 
constant diameter section. 

e. Provide more precise bucket positioning control 
by the use of jack-screws. This would also 
reduce time between runs, bub misht reduce 
Capaos Lies in bericwet  Surenecth. 

Investigate the effects of nozzle to bucket angular 

misalignment as might occur on curved portions of 

Dhie PpEOpOceC se ransl. system. 

investigate the poessiple benetits of polymer solu- 

tions in terms of jet coherence as well as decreased 

pipe drag and bucket flow losses. 

Obprain nie speed mMOotlon plectures of the jet to seu, 

the mechanisms of jet disintegration. The results of 

Chis study meght Vead te a more preelse 1Ormulacion 


of the velocity loss of a high velocity free jet. 
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APPENDIX A — JET VELOCITY LOSS ANALYSIS 


Control 
Volume 


Fig. A-1: (a) Water Jet Control Volume 
(b) ASsumed Velocity Profile 


LIST OF SYMBOLS AND DEFINITIONS 
A,» A, Simplifying combinations of constant properties 


Ci; C5 Constants of integration 


Cr! mocaicocificient of skin Gericuion 
Cp Lower wecetllClene eon SkihmehrLe tl om 
d Diameter 

ie Frieglon coerilterent 

Ke Equivalent sand roughness 

L Total length of jet 

m Mass flow rate 
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© 


= Pp 


*K 


Axial and radial distances 
Mean velocity in x-direction 
Mean. velocityeit x—CieecrloOn say teas 
Density 
Kinematic viscosity 
Shear stress 

Subsets, coUDeTSeCrIpUs 
Value at nozzle exit 
Malic 
Water 
Nondimensional parameter or form 
Value at wall or boundary 


x-direction 


ASSUMPTIONS AND LOGIC 


Jig 


Turbulent fully developed flow within fluid as 
it leaves the nozzle; therefore a nearly flat 
velocity profile and u = u(x); 3su/ar = 0. The 
simplification resulting from this assumption 
leads to a first order approximation for the 
rate of jet growth near the nozzle exit. 
Coherent jet Mpbieial ajeysel eapb ealieeyque, Aejeneent)  Iereisy » 
therefore primary losses due to shear on water 
boundary. 

A free jet; therefore pressure is constant and 
control volume is in equilibrium with respect to 
pressure forces. 


Velocity decreases with increasing x, au/ ox soe 


49 





ialjeas 


oe Pws Pp» Ywo Ya are constant. 
6. Insignificant loss to spray and constant 6, requires 
that jet enlarges with decreasing VEUOClUy, Utlcwe= 


‘Yonde te Et llc). 


Tipo DnlS= VERO Glr yy sarinAl PO) Silk > 
Applying conservation of mass to the control volume in 


A-1l: 


Tw = Toyreu = TOw?g Ug 


1 /2 
r= (¢ (-2) (1) 


ee APN ae an (2) 


FORCE-MOMENTUM BALANCE 


Applying conservation of momentum: 


L Forces, = A Momentum 


-t,(2mrdx) —-mu + m(u + du) 


-(pyrr2u)(u) + Coyn(rtdr) 2 (utdu) JLutdu] 


Dropping higher order terms and products: 


tw 
ee Ook & palo utzdr 


= 


Substituting (1) and (2) for r, dr: 


W 
~ a gx = 1/2 u,!72 ul/2 du 
2 maw 
u / au = FoPw Ugi7= dx G3) 


50 





E. EVALUATION OF SHEAR STRESS 

Assumptions: 

1. Overall flow can be considered to be analogous 
to the case where the jet is stationary and air 
at r= » is moving at a velocity of u(x) to the 
ei. 

2. Considering the jet boundary as a "solid" surface, 
T,(x) can be approximated by established results 
for turbulent flow over a plate at zero incidence. 


Relationships from Schlichting [Ref. 9] give 1, for 


W 


turbulent flow over smooth and rough plates which can be 
applied if (L-x) is used as the distance parameter to allow 
ce to be a maximum at the end portion of the jet anda 
minimum at the nozzle. This is because the x-coordinate 
direction used to describe the flow for the flat plate is 
the reverse of that being used in this analysis for the 
seme, Girection of air flow. These relations for 1, apply 
within a limited range of Reynolds numbers, namely 


UL 


5 7 = a 
peo - < Rey < 10’. Here Rey = 


Fee eet re e— 





seeam velocity, L = length of plate over which the fluid 
acts, and v = kinematic viscosity of the fluid. However, 
it is pointed out by Hoerner [Ref. 10] that agreement is 

good up to Rey ~ 5x10®8 and can probably be extended up to 


10!9 without extensive error. 
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F. SMOOTH JET BOUNDARY 


Taking first the caseson the smocrime tance: 
Ce gg = 9.9592 (Re) 71/ 
1/2p U,,% X 


where Ce! is the local skin frictrten@eoel ficient... 
Substituting (L-x) for the length and allowing the 
velocity to be a variable corresponding to that locally 


Zone in the Jet: 
1/5 


Vv 


0.0296 p,u2 A 
u(L-x) 


a 
il 


H § 


P= ORO29 Clo y eaeuma> U@imae) 7 


cay) 


Application of (4) to (3) yields a differential 


eemavion in u and x; 


ele 0 —_—_ 0.0296 Dy oye (L-x)-175 ax 
PP wg 

integral TWyayes 

u- 3710 = ~pA (L-x)4/75 +0 
where 

' 0.0222 PA ays 

L 0 “ OW A 
9 0 


The boundary condition is: 
x = 0, u= Ug > 
Applying the boundary condition, Cy is evaluated, giving: 


u- 3/20 = yo-3/10 + ay [L875 - (Lax)*/5 (5) 
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It is noted that this expression requires that the distance 
L approach ~ for the jet velocity to approach zero, owing 
to the decreasing shear acting upon it. If, for example, 
the integration had been executed using a constant shear 
value, then the jet could come to rest at a finite distance. 
iG should also be pointed out that, because of the assumption 
of no mass loss, yet a decreasing velocity, Eq. (1) requires 
that the jet radius approach an infinite size to allow the 
velocity to approach zero. However, since the analysis is 
not expected to be applied at long distances, these unreal- 
istic and conditions of the relations developed are not 
relevant. 

Equation (5) is non-dimensionalized by introducing the 


following parameters: 


which yields upon rearranging: 
=10/3 


ee) 00s a (Re. y 1/5 eee 1/3) u/s eagles 
0 are ha L# 


(6) 
To evaluate this equation, an overall jet length must be 
specified and the limits on x are then from zero to that 
length. For a given set of physical properties the vari- 
ables are the Reynolds numbers based upon the initial jet 
diameter, the overall travel of the jet, L*, and the dis- 
tance downstream, x*. 
For lack of a clear cut criterion, Bq. (6) was eval- 


uated on the basis of the nozzle velocity attained in the 
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present study (279 ft/sec) and the Reynolds number (Re, ) 
of 1019. This yields a Be orELse 1ST length of jet travel, 
L*, of 832 diameters for the nozzle diameter of 0.400 in., 
and calculations were therefore made using L* = 1000. 

Owing primarily-to the low density of air, the model 
predicts only a 0.5 per cent velocity dropoff at x*/L*=1.0. 
This formulation then is obviously of no value in predict- 


ing velocity decrease in a coherent jet. 


G. ROUGH JET BOUNDARY 

Turning now to the supposition that the boundary of the 
coherent jet is not smooth, but ruffled by the shear action 
of the air moving relative to it, relationships for the skin 
friction coefficient for turbulent flow over rough surfaces 
are applied. This introduces yet another variable; the 
Gegree of equivalent aand roughness, Ka. Taking the rela- 


tionships presented by Schlichting [Ref. 9] for cp' and cr; 


=2% 5 
Cee) = 2.81 + 1.58 Log | Cy) 


¢ .(h) » 1, 6681.62 Log = (8) 
S 
we again apply the distance substitution of (L-x) to allow 


for the difference in x-coordinate direction. Substitution 
of c,' for t,, in Eq. (3) and showing the integration limits 


on u and (L-x) yields 

u (L-x) 

\ u-a/2 d= — | ep'(L-x)dx (9) 
rg ie Pv 


Up 2 
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By integration of (9), 


Be? _ yi/2= _ et PA c p(L-x) Caley) 


cae 
PyY W 


Rearranging and putting in dimensionless form, 


Pa -—2 
u* = E Teac ane x* os (11) 
W 
where: a5 zs a 
Cat = (leo) aie dh. 6.25 cae ua eee 
f S L* 


Again it is seen that a jet length must be specified to 
determine the effect of the air flow on the assumed jet. 
An equivalent roughness must be specified and, in the form 


d 
presented BUS. it can be expressed as a percentage of the 


fone Cia] bak Chace, Because of the cancellation of 
velocity terms, the form of Eq. (11) is independent of 
meynolds number, which belies intuition. However, in 
accordance with Eqs. (7) and (8) the local and total skin 
friction coefficients are also independent of Reynolds 
number, being functions of distance and equivalent sand 
roughness only. By specifying an initial velocity, uj), 
we are in effect applying a Reynolds number in the equation, 
but this is factored out in the non-dimensional form of Eq. 
ier). 

Evaluation of Eq. (11) was done using non-dimensional 
tec lengths of LY 9= 1000, 500 and 100 diameters while vary- 


ing the roughness factor in each of the three cases. An 


improvement was obtained over the smooth surface assumption, 


ANS, 





ate velocity decrease close to the nozzle was still very 
small compared to that actually found to take place. For 
example, at a distance of 100 diameters from the nozzle, 
with the jet length of 1000 diameters, and for a roughness 
of half the diameter, only four per cent reduction in 
velocity was predicted. The results are plotted in Fig. A-e 
and it can be seen that only by using unrealistically long 
jet travel distances, L*, could the dropoff in velocity be 


elose tomthat actually occurring. 


u* 


Upper Curves: [L* 
Middle Curves: L* 
Lower Curves: L* 


Non-Dimensional Velocity, 





0 Coe 0.4 aie Oy te 1.0 


Non-Dimensional Distance, x*/L* 


Fig. A-2: Velocity Decrease for Rough Jet 
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One possible method of making the above models 
predict the observed velocity decrease muamperaocunem tac 
the density of the fluid shearing the jet boundary is not 
that of air but that of some air-water spray mixture. How- 
ever, this method is basically an even more empirical one, 
pmeestill presents the difficulty of assigning an appro— 
beiate length of jet travel and, in the case of Eq. (11), 
a jet roughness. Additionally, the equations as developed 
are somewhat inconvenient to handle computationally, and 
they do not satisfy the objective of a simplified model of 
the jet velocity loss. Because of this, the analytical 
approach of obtaining the shear stress was abandoned and an 


empirical relation was attempted. 


H. EMPIRICAL APPROACH 

In a paper on liquid-vapor interactions in a condensing 
ejector, Levy and Brown [Ref. 11] successfully used a fric- 
tion coefficient to predict some characteristics of a liquid 
jet acted upon by a surrounding high velocity steam flow. 
Adopting this approach, we define a friction coefficient as 


follows: 


f = Tw 
72 p ,u* (12) 
where f is taken as a constant. Substitution of Eq. (12) in 
Eq. (3) yields the differential equation: 
u 


xX 
|orw du = ~- —<t__ a | ax 
ya Ow 
Up a dy 0 


it 





Integrating and rearranging, 


u p = 

—= |] + A _xX | 

u (a3) 

0 Py = Ao 

Introducing u* and x* as defined earlier: 

u*¥ = E + A, x*|-2 Gi) 
nicer c : le) 

bes, 

Pw 


A comparison of Eq. (14) with Eq. (11) shows that they are 
of the same form, with f = 2Cp*. The basic difference in 
the two relations is that f is assumed constant whereas Cp 
Varied with roughness and distance. 

Evaluation of Eq. (11) was accomplished for different 
values of f. Standard densities for air and water were 
Weed LO compute A, - ine esullus tare -cOnvakiece ta shit aea sem 
and the velocity decrease with distance was found to be 
sufficient to bracket that actually measured in turbulent 


ows. 
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Non-Dimensional Velocity, u/Uy 


i 


; 50 100 150 200 250 
Non-Dimensional Distance From Nozzle, x/dp 


Fig. A-3: &mpirical Model of Velocity Falloff 
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